Introduction
Prions are proteins with altered conformations that undergo self-propagation and produce neurodegeneration in both humans and animals [11, 43] . In humans, diseases such as Creutzfeldt-Jakob disease (CJD), Gerstmann-Sträussler-Scheinker disease (GSS), and fatal familial insomnia (FFI) are caused by the accumulation of misfolded prion protein (PrP) in the brain. PrP is a glycophosphatidylinositol (GPI) anchored protein that is normally found on the surface of cells of the central nervous system (CNS). PrP can exist in distinct conformations: PrP C is correctly folded with a predominantly α-helical structure [46] , whereas PrP Sc is misfolded, enriched in β-sheets, aggregation prone, and infectious. In prion disease, PrP Sc propagates through a self-templating mechanism in which additional copies of PrP C are converted into PrP Sc . This results in a cascade of PrP Sc aggregates that form throughout the brain, which Abstract Attempts to model inherited human prion disorders such as familial Creutzfeldt-Jakob disease (CJD), Gerstmann-Sträussler-Scheinker (GSS) disease, and fatal familial insomnia (FFI) using genetically modified mice have produced disappointing results. We recently demonstrated that transgenic (Tg) mice expressing wild-type bank vole prion protein (BVPrP) containing isoleucine at polymorphic codon 109 develop a spontaneous neurodegenerative disorder that exhibits many of the hallmarks of prion disease. To determine if mutations causing inherited human prion disease alter this phenotype, we generated Tg mice expressing BVPrP containing the D178N mutation, which causes FFI; the E200K mutation, which causes familial CJD; or an anchorless PrP mutation similar to mutations that cause GSS. Modest expression levels of mutant BVPrP resulted in highly penetrant spontaneous disease in Tg mice, with mean ages of disease onset ranging from ~120 to ~560 days. The brains of spontaneously ill mice
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leads to vacuolation, reactive astrocytic gliosis, and neuronal death. The most commonly encountered forms of PrP Sc are partially resistant to digestion with proteinase K (PK) [33] . Digestion of PrP Sc with PK produces an N-terminally truncated PrP fragment referred to as PrP 27-30 [44] .
The vast majority of human PrP prion diseases are caused by spontaneous formation of PrP Sc in the brain. In sporadic prion diseases, PrP
Sc is thought to arise from spontaneous misfolding of wild-type (wt) PrP C into PrP Sc . In inherited prion diseases, a mutation in the gene encoding PrP (PRNP) is likely to enhance the spontaneous formation of PrP Sc . Inherited prion diseases encompass ~10-15 % of all cases and include familial CJD (fCJD), GSS, and FFI. These three diseases can be differentiated by (i) the clinical signs of disease observed in patients; (ii) the specific disease-causing mutation present in PrP; (iii) the location and type of neuropathological changes in the brain; and (iv) the biochemical characteristics of PrP Sc [28] . The unique features of each disease are thought to arise from the generation of distinct strains of prions, which are encoded with conformational variation within PrP Sc aggregates [5, 57] . Two of the most common mutations that cause inherited prion disease are D178N and E200K. The E200K mutation causes fCJD [18, 21] , whereas D178N can cause either fCJD or FFI, depending on whether the mutation is found in cis to methionine (FFI) or valine (fCJD) at polymorphic codon 129 in human PrP [19] . Nonsense mutations such as Y226X and Q227X located near the GPI anchor attachment site (ΔGPI) in PrP cause GSS and result in a profound cerebral PrP amyloidosis [25] .
Attempts to model heritable PrP prion diseases using transgenic (Tg) mice expressing PrP containing a prion disease-causing mutation have been met with limited success (reviewed in [65] ). For example, certain lines of Tg or knock-in mice expressing mutant mouse (Mo) or human (Hu) PrP recapitulate some, but not all, of the hallmarks of the corresponding human prion disease [6, 10, 14, 15, 22-24, 38, 67] . In contrast, other lines of mice expressing mutant PrP do not develop any clinical or biochemical signs of prion disease [2, 56, 63] . It has been particularly difficult to demonstrate that PK-resistant PrP is present in the brains of spontaneously ill animals.
We recently discovered that Tg mice expressing wt bank vole PrP (BVPrP) containing isoleucine at polymorphic codon 109 (I109) develop a spontaneous neurodegenerative disease that recapitulates many characteristics of authentic prion disease, which includes the aggregation of prions accompanied by infectivity [64] . PrP from bank voles can be readily converted to PrP Sc by prions from many different species [1, 13, 39, 40, 62] , suggesting that BVPrP may be a universal acceptor for prions. Taken together, these results imply that BVPrP is more prone to misfolding (both spontaneously and upon exposure to PrP Sc ) than PrP from other species. Thus, we speculated that BVPrP might be an improved starting point for the generation of Tg mouse models of fCJD, GSS, and FFI that yield better translational qualities than can be currently achieved.
Here, we describe the generation and characterization of Tg mice expressing BVPrP(I109) with mutations that cause fCJD, FFI, or GSS. All lines of mice expressing mutant BVPrP(I109) developed a completely penetrant spontaneous disease and exhibited mutation-specific prion neuropathology. Moreover, a highly PK-resistant PrP fragment was observed in the brains of all spontaneously ill animals expressing wt or mutant BVPrP(I109). We suggest that Tg mice expressing mutant BVPrP(I109) may represent better mouse models of inherited human prion disorders.
Materials and methods

Mice
Mouse husbandry and bioassays were carried out in accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources, National Academies Press, Washington, DC). All animal experiments were performed under Biosafety Level 2 (BSL-2) conditions using protocols approved by the Institutional Animal Care and Use Committee of the University of California, San Francisco: "Breeding colony and production of transgenic rats and mice (AN084871)" and "Incubation periods of prion and other neurodegenerative diseases (AN084950)." All mice were on an FVB/N strain background. Tg(BVPrP,I109)3581 and Tg(BVPrP,I109)3574 mice [64] were maintained with a PrP knockout (Prnp 0/0 ) genotype [7] unless otherwise stated, whereas Tg(MoPrP)4053 mice [8] genotype were generated by crossing with wt FVB/N mice.
Generation of transgenic mice
The D178N, E200K, and ΔGPI (R232X) mutations were generated in the BVPrP(I109) open reading frame by sitedirected mutagenesis and were then inserted into the cos. Tet cosmid vector [49] , which drives the expression of transgenes in the CNS using the hamster PrP promoter, as previously described [64] . Purified transgene cassettes were microinjected into the pronuclei of fertilized eggs from Prnp 0/0 mice. Potential founders were identified and then backcrossed to Prnp 0/0 mice to confirm germ-line transmission of the transgene. All Tg lines expressing mutant BVPrP(I109) were maintained in a hemizygous state.
Mice were assessed for the presence of spontaneous neurological illness three times per week and were euthanized once two or more neurological signs were present, as determined using the standard diagnostic criteria for prion disease in mice [9] . Survival curves were compared by the log-rank (Mantel-Cox) test using GraphPad Prism 5 software. Brains from spontaneously ill mice were removed and either snap frozen on dry ice and then stored at −80 °C or immersion-fixed in 10 % neutral buffered formalin.
Mouse inoculations
Brain homogenates [10 % (wt/vol) in sterile calcium-and magnesium-free PBS] from spontaneously ill Tg mice were generated using a bead beater (PreCellys). Homogenates were diluted to 1 % (wt/vol) using 5 % (wt/vol) bovine serum album (BSA), and then 30 μL homogenate was injected into the right cerebral hemisphere of weanling mice at ~60 days of age using a 27-gauge syringe. For intraglossal injections into the tongue [3] and intraperitoneal inoculations, 5 and 100 μL of 1 % (wt/vol) brain homogenate, respectively, were used. Inoculated animals were euthanized and their brains collected once two or more signs of neurological illness were apparent, as described above. For end-point titrations, the 1 % (wt/vol) brain homogenate was subjected to serial tenfold dilutions in 5 % BSA, and 30 μL of each dilution was intracerebrally inoculated into Tg(BVPrP,I109)3581 mice. The resultant incubation periods were compared to PBS-inoculated mice by one-way analysis of variance (ANOVA) with Tukey's post-test using GraphPad Prism 5 software.
Proteinase K digestions
Frozen brains from asymptomatic or clinically ill mice were homogenized to 10 % (wt/vol) in PBS as described above, and 9 vol of brain homogenate was added to 1 vol of 10× detergent buffer to give a final concentration of 0.5 % (wt/vol) sodium deoxycholate and 0.5 % (vol/vol) NP-40. Samples were incubated on ice with occasional vortexing for 20 min and then centrifuged at 1000×g for 5 min at 4 °C. Protein concentration in the supernatant was determined using the bicinchoninic acid (BCA) assay, and then 1 mg of total protein was adjusted to a final volume of 400 μL of detergent buffer containing 50 μg/mL PK (Fermentas) for a final PK-to-protein ratio of 1:50. Samples were digested for 1 h at 37 °C (with shaking), and the digestions were then terminated by the addition of PMSF to a concentration of 2 mM. Sarkosyl was added to a final concentration of 2 % (vol/vol), and the samples were then subjected to ultracentrifugation at 100,000×g for 1 h at 4 °C. The supernatant was removed by gentle aspiration, and the pellet was resuspended in NuPAGE LDS loading buffer (containing β-mercaptoethanol), boiled, and then evaluated by immunoblotting as described below. Typically, 0.5-1 mg of PK-digested protein was loaded per lane.
Immunoblotting
Undigested brain extracts were prepared in NuPAGE LDS loading buffer containing β-mercaptoethanol and then boiled. Samples (digested or undigested) were electrophoresed on 10 % NuPAGE or Bolt gels (Life Technologies) using the MES buffer system. Blots were then transferred to polyvinylidene fluoride (PVDF) using a wet blotting system and blocked for a minimum of 1 h with blocking buffer [5 % (wt/vol) skim milk in Tris-buffered saline containing 0.05 % (vol/vol) Tween-20 (TBST)]. Blots were incubated overnight with primary antibody (anti-PrP humanized antibodies HuM-P [47] or HuM-D18 [66] , or anti-actin 20-33 (Sigma-Aldrich)) and then washed three times with TBST. Blots were exposed to horseradish peroxidase (HRP) conjugated secondary antibodies diluted in blocking buffer for 1-2 h and then washed three times with TBST. In some instances, HuM-P antibody that was conjugated directly to HRP was used. Blots were developed using the enhanced chemiluminescence system (GE Healthcare or Perkin-Elmer) and then exposed to X-ray film.
Cultured cells
Murine N2a neuroblastoma cells lacking PrP expression (N2a-PrP −/− ; clone 10-18) [34] were maintained in growth medium [DMEM containing 10 % fetal bovine serum, 1× GlutaMax, and 0.2× penicillin-streptomycin (Life Technologies)] in a humidified 37 °C/5 % CO 2 environment. Prior to transfection, all wt and mutant BVPrP(I109) constructs were subcloned into the pcDNA3 mammalian expression vector and purified using endotoxin-free plasmid Maxiprep kits (Qiagen). For transient transfections, 5 × 10 5 cells were seeded in 6-well dishes, and ~24 h later cells were transfected in OptiMEM medium using Lipofectamine-2000 according to the manufacturer's instructions (Life Technologies). Each well received 2 μg of plasmid DNA and 4 μL of Lipofectamine-2000. Cells were exposed to the transfection mixture for 24 h, and the medium was subsequently replaced with fresh growth medium. Cells were washed twice with PBS and then lysed using lysis buffer [50 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 % (vol/vol) NP-40, 0.5 % (wt/vol) sodium deoxycholate containing Halt protease inhibitor cocktail (ThermoFisher)] at 48 h post-transfection. Lysates were incubated on ice for 20 min and afterward centrifuged at 1000×g for 5 min. The protein concentration in the supernatant fraction was determined using the BCA assay, and samples were then prepared in NuPAGE LDS loading buffer containing β-mercaptoethanol, boiled, and analyzed by immunoblotting as described above. For stable transfections, cells were trypsinized 24 h post-transfection and cultured in growth medium containing G418 at a concentration of 1 mg/mL. Cells were selected over a period of ~2 weeks, pooled, and then expanded. No clonal selection was performed. Stably transfected cells were maintained in medium containing 0.2 mg/mL G418.
Protein turnover assays
N2a-PrP
−/− cells stably transfected with either wt, D178N-mutant, or E200K-mutant BVPrP(I109) were plated at a density of 8 × 10 5 cells in 6 cm tissue culture dishes. Cells were cultured for ~48 h, and the medium was then replaced with growth medium containing cycloheximide (CHX) (30 μg/mL) and lysed as described above at various time points post-exposure. Immunoblotting was performed as described above, and films were subsequently scanned and analyzed by densitometry using ImageJ. The half-lives of wt and mutant BVPrP(I109) following CHX treatment were determined by fitting residual PrP levels to a onephase decay model with a fixed plateau of 0 using GraphPad Prism 5 software.
ELISA
Relative BVPrP expression levels in Tg mice and transfected cells were determined by enzyme-linked immunosorbent assays (ELISA), which were performed as previously described [64] except that plates were read using a SpectraMax i3 plate reader (Molecular Devices). For brain samples, data represent the average expression level determined using two individual mice. For transfected N2a-PrP −/− cells, data represent the mean BVPrP expression level observed within four biological replicates. Data were analyzed by one-way ANOVA with Tukey's post-test using GraphPad Prism 5 software.
Quantitative polymerase chain reaction (qPCR)
To measure relative Prnp mRNA levels, brains from young, asymptomatic Tg mice were collected in RNAlater solution (ThermoFisher). Brains were homogenized in PBS, and RNA was then extracted using the MasterPure RNA Purification Kit according to the manufacturer's instructions (Epicentre). cDNA was then generated using the Tetro cDNA Synthesis Kit (BioLine). For determining transgene copy numbers, genomic DNA was isolated from tail snips and further purified using the Genomic DNA Clean and Concentrator Kit (Zymo Research). Quantitative PCR reactions were performed using the SensiFAST SYBR Lo-ROX Kit (BioLine), with final DNA and cDNA concentrations of 3 and 6 ng/μL, respectively, using a Stratagene Mx3005P instrument. The following primers were used, which are specific to the 3′ untranslated region of hamster Prnp: 5′-ATACTGATGTGACCCTCTGACTTCC-3′ (forward) and 5′-GCTGTAGAACCCTTCGCCTATTT-3′ (reverse). For cDNA analysis, ΔCt values were generated by comparison to a cDNA sample prepared from the brain of a Syrian hamster. Relative mRNA levels in the brains of three distinct mice per line were calculated using the formula 2 − Ct , averaged, and then normalized to the mRNA levels found in Tg(BVPrP,I109)3574 mice. For copy number analysis, ΔC t values from three independent mice per line were generated by comparison to a Syrian hamster genomic DNA sample, converted to copy numbers using the formula 2 − Ct , and then averaged.
Neuropathology
Formalin-fixed brains were embedded in paraffin and then processed for immunohistochemistry as previously described [62] . The following primary antibodies were used: anti-GFAP rabbit polyclonal antibody Z0334 (Dako, 1:500 dilution) to detect astrocytic gliosis and HuM-P 
Results
In our earlier studies, we were unable to find any highly PK-resistant PrP (i.e., PrP species resistant to digestion with 50 μg/mL PK) in the brains of spontaneously ill Tg mice expressing wt BVPrP(I109) [64] . However, by harvesting insoluble macromolecules using ultracentrifugation following limited PK digestion and increasing the sample size to 1 mg of protein, we were able to detect an ~8-kDa PK-resistant PrP fragment in brain homogenates from spontaneously ill Tg(BVPrP,I109)3574 mice that was absent in homogenates from young, asymptomatic mice (Fig. 1a) . This small PK-resistant PrP fragment was also observed in the brains of Tg(BVPrP,I109)3574 mice following inoculation with brain homogenate from a spontaneously ill Tg(BVPrP,I109)3581 mouse (Fig. 1b) . The ~8-kDa PK-resistant PrP fragment was detectable using the antibody HuM-P, which recognizes residues 96-106 of BVPrP. The molecular weight and the apparent lack of N-linked glycosylation sites (as evidenced by the absence of multiple bands corresponding to different PrP glycoforms) likely indicate that the fragment is C-terminally truncated.
We next assessed the level of infectivity present in the brains of spontaneously ill Tg(BVPrP,I109) mice by performing an end-point titration in Tg(BVPrP,I109)3581 mice (hereafter referred to as Tg3581 mice). Inoculation of young Tg3581 mice with dilutions of 10 % brain homogenate prepared from a spontaneously ill Tg3581 mouse ranging from 10 −1 to 10 −6 produced incubation periods that were significantly shorter than those observed in mice inoculated with phosphate-buffered saline (PBS) (Fig. 1c) , revealing that high titres of prions are present in spontaneously ill Tg3581 mice. We also investigated different routes of disease transmission. Intracerebral, intraglossal, and intraperitoneal inoculation of brain homogenate from a spontaneously ill Tg3581 mouse into young Tg3581 mice accelerated the onset of neurological illness compared to uninoculated mice (Fig. 1d) , demonstrating that prions that form spontaneously in the brains of Tg(BVPrP,I109) mice are neuroinvasive. Finally, since certain nontransmissible proteinopathies caused by the neuronal expression of truncated PrP molecules or the PrP C paralog Doppel can be rescued by co-expression of wt PrP C [37, 50] , we tested whether the simultaneous presence of murine PrP had any effect on the manifestation of spontaneous disease in Tg3581 mice. The survival curves for Tg3581 mice lacking murine PrP expression or with one or two copies of the murine Prnp gene were indistinguishable (Fig. 1e) , suggesting that wt murine PrP C does not protect against the neurodegenerative phenotype displayed by expression of BVPrP(I109). Cumulatively, these results argue that the brains of spontaneously ill Tg(BVPrP,I109) mice contain prions that exhibit many of the properties of authentic human prions.
Since several point mutations in human PrP cause prion disease with complete or near-complete penetrance [36] , we and others attempted to create mouse models of heritable PrP prion diseases using Tg mice. Disappointingly, (solid line, n = 9), Prnp 0/+ (dashed line, n = 12), or Prnp +/+ (dotted line, n = 12) genotype. There was no significant difference in the survival curves (P = 0.76) as determined by the log-rank test only modest success was achieved [65] . The promiscuity of bank vole PrP offered a new approach that might mimic the heritable human prion diseases. To test this hypothesis, we produced Tg mice expressing BVPrP harboring pathogenic human point mutations on a Prnp 0/0 background. Three different HuPrP mutations were engineered into BVPrP(I109): (i) D178N, which is predicted to model FFI since the sequence of BVPrP contains methionine at codon 129; (ii) E200K, which is predicted to model fCJD; and (iii) an R232X mutation ("ΔGPI") that is similar to the C-terminal nonsense PrP mutations that have been observed in some GSS patients. We obtained four lines of Tg(BVPrP,I109, D178N) mice, five lines of Tg(BVPrP,I109,E200K) mice, and one line of Tg(BVPrP,I109,ΔGPI) mice with germline transmission of the transgene. Mutant BVPrP(I109) expression was detected in the brains of all the Tg lines (Fig. 2a) . PrP was underglycosylated in the brains of Tg(BVPrP,I109,ΔGPI) mice, as was observed in Tg mice expressing GPI-anchorless MoPrP [52] . Surprisingly, based on transgene copy numbers, the levels of mutant BVPrP expression in the brain, as determined by ELISA, were lower than expected compared with Tg mice expressing wt BVPrP(I109) ( Table 1) . For example, a transgene copy number (determined by qPCR) of ~20 generated a wt BVPrP(I109) expression level of ~4× the levels present in non-Tg mice, whereas similar copy numbers resulted in expression levels that were approximately ten, two, and eightfold lower in D178N-, E200K-, and ΔGPI-mutant mice, respectively (Table 1 ; Fig. 2b) . Similarly, comparable amounts of brain Prnp mRNA levels, as determined by qPCR, resulted in much lower PrP protein levels in mice expressing mutant BVPrP(I109) than in mice expressing wt BVPrP(I109) (Fig. 2c) , indicating that the decreased protein levels are not due to reduced Prnp transcription.
Lower levels of D178N-and E200K-mutant BVPrP(I109) protein compared to wt BVPrP(I109) were also observed following transient or stable transfection of N2a neuroblastoma cells in which the endogenous murine Prnp gene was ablated using CRISPR/Cas9 technology (N2a-PrP −/− cells) (Fig. 2d ) [34] with equal amounts of plasmid DNA. In transiently transfected N2a-PrP −/− cells, levels of D178N-and E200K-mutant BVPrP(I109) were approximately nine and twofold lower than wt BVPrP(I109) (Fig. 2e) , which is similar to that observed in the Tg mice. Treatment of stably transfected N2a-PrP −/− cells with CHX to shut off protein synthesis revealed that turnover of D178N-and E200K-mutant BVPrP(I109) occurs more rapidly than wt BVPrP(I109) (Fig. 2f, g ). The half-lives of wt, D178N-mutant, and E200K-mutant BVPrP(I109) were estimated to be ~17, 2, and 6 h, respectively, suggesting that the lower steady-state levels of mutant BVPrP(I109) observed in the brains of the Tg mice are due to increased protein turnover rates.
Despite the physiological or subphysiological expression levels of mutant BVPrP(I109), all the lines of Tg mice developed age-dependent signs of spontaneous neurological illness (Table 1 ; Fig. 3a-c) . All the examined mice expressing mutant BVPrP(I109) (198 out of 198) developed spontaneous disease. For the Tg mice expressing E200K-mutant BVPrP(I109), there was a clear inverse relationship between BVPrP expression level and mean age of disease onset. Compared to Tg mice expressing wt BVPrP(I109), much lower levels of D178N-or E200K-mutant BVPrP(I109) were required to produce spontaneous disease with a given mean age of onset (Fig. 3d) . A highly PK-resistant PrP fragment of ~8 kDa was found in brain homogenates from spontaneously ill Tg mice expressing mutant BVPrP(I109) but not in homogenates from young, asymptomatic mice (Fig. 3e) . Levels of this PK-resistant PrP fragment varied greatly with the three mutations; the highest amounts were observed in ΔGPI-mutant mice, whereas lower levels were found in D178N-mutant mice, and much lower amounts were found in the E200K-mutant animals (Fig. S1 ).
The D178N, E200K, and ΔGPI mutations generated distinct neuropathological profiles in spontaneously ill mice. Clustered, coarse PrP Sc deposition was observed in the brains of spontaneously ill Tg(BVPrP,I109,D178N) mice (Fig. 4a, b) , whereas small, rounded PrP Sc aggregates were observed in Tg(BVPrP,I109,E200K) mice (Fig. 4c, d ). The brains of spontaneously ill mice expressing ΔGPI-mutant BVPrP(I109) contained large, dense-core PrP Sc plaques as well as smaller or more diffuse aggregates (Fig. 4e-g ). The dense-core plaques stained positive with Thioflavin S (Fig. 4h) , indicating the presence of PrP amyloids, whereas the smaller deposits were negative. No cerebral amyloid angiopathy (CAA) was observed in the ΔGPI-mutant BVPrP(I109) mice. Large numbers of PrP Sc deposits were present throughout the brain in ΔGPI-mutant mice, whereas PrP Sc deposits were found in varying numbers among different brain regions of D178N-and E200K-mutant mice (Fig. 4s) . Tg3581 mice expressing wt BVPrP(I109) exhibited two distinct types of PrP Sc deposition [64] . Clusters of punctate PrP Sc deposits (Fig. 4i ) similar to those observed in Tg(BVPrP,I109,D178N) mice were found in all animals analyzed, whereas large, plaque-like PrP Sc deposits (Fig. 4j) were found in ~40 % of spontaneously ill mice. No plaque-like PrP Sc deposits were observed in any of the Tg mice expressing D178N-or E200K-mutant BVPrP(I109). The distribution of PrP Sc deposition in Tg3581 mice was most similar to that in Tg(BVPrP,I109,D178N) mice (Fig. 4s) .
All the spontaneously ill Tg mice expressing mutant BVPrP(I109) exhibited spongiform degeneration (vacuolation) within their brains (Fig. 4k-n) . However, each mutation produced a distinct vacuolation profile (Fig. 4t) . For instance, vacuolation levels were generally low in the brains of ΔGPI-mutant mice (except in the hippocampus) despite the high level of PrP Sc deposition throughout the brain. In the D178N-mutant mice, the strongest vacuolation was observed in the frontal cortex, caudate nucleus (striatum), and the hypothalamus, whereas prominent midbrain vacuolation was unique to E200K-mutant mice (Fig. 4t) . The cerebral vacuolation pattern in Tg3581 mice expressing wt BVPrP(I109) was similar to that in Tg(BVPrP, I109, E200K) mice (Fig. 4t) . Reactive astrocytic gliosis was also observed in the brains of all spontaneously ill mice ( Fig. 4o-r) . These results demonstrate that spontaneously ill mice expressing mutant BVPrP(I109) exhibit all the neuropathological hallmarks of prion disease and that each mutation produces distinct neuropathological changes that can be distinguished from those present in mice expressing wt BVPrP(I109).
Passage of brain homogenate from spontaneously sick Tg mice expressing wt BVPrP(I109) into young mice expressing BVPrP(I109) resulted in remarkably rapid disease transmission with incubation periods of ~40 days [64] . To determine if a similar phenomenon occurs with Tg mice expressing mutant BVPrP(I109), we inoculated ~2-monthold Tg mice expressing D178N-, E200K-, or ΔGPI-mutant BVPrP(I109) with brain homogenates from spontaneously ill mice expressing the same mutant PrP. For D178N and E200K mutations, inoculation experiments were performed using lines that developed spontaneous disease with longer mean ages of onset to permit a bigger transmission window. For D178N, three distinct samples from spontaneously ill mice transmitted with mean incubation times between ~40 and ~60 days (Table 2) , which represents an ~120-day acceleration of disease compared to uninoculated mice (Fig. 5a ). For E200K, brain homogenates from four different spontaneously ill mice transmitted with mean incubations between ~40 and ~70 days (Table 2) , which represents an ~350-day acceleration of disease compared to uninjected mice (Fig. 5f ). Two distinct samples from ΔGPI-mutant mice transmitted disease to young mice expressing ΔGPI-mutant BVPrP(I109) with mean incubation periods of ~100 days (Table 2) , which represents an ~250-day acceleration of disease (Fig. 5k) .
The brains of inoculated mutant Tg(BVPrP,I109) mice contained a similar ~8-kDa highly PK-resistant PrP fragment to those fragments observed in spontaneously ill animals (Fig. 5b, g, l) . In general, the neuropathological features of the spontaneous illness were maintained upon second passage in mutant BVPrP(I109) Tg mice. For example, clusters of coarse PrP Sc deposits were observed in the inoculated D178N mice (Fig. 5c) , whereas large numbers of plaque-like PrP Sc deposits were found in the brains of inoculated ΔGPI mice (Fig. 5m) . Inoculated E200K mice exhibited synaptic-like PrP Sc deposits that were much smaller than the rounded deposits observed in spontaneously ill animals (Fig. 5h) . Abundant vacuolation was found in inoculated E200K mice (Fig. 5i) and was also present in the inoculated D178N mice (Fig. 5d) , whereas little to no vacuolation was observed in the brains of inoculated ΔGPI mice, even in the hippocampus (Fig. 5n) where robust vacuolation was observed in spontaneously ill ΔGPI mice. Astrocytic gliosis was most prominent in the inoculated E200K (Fig. 5j) and ΔGPI (Fig. 5o) mice, whereas only mild gliosis was present in the inoculated D178N mice (Fig. 5e) . The unique, mutation-specific neuropathological features observed both in spontaneously ill Tg mice and following disease transmission led us to suggest that each mutation determines the formation of a distinct strain of prions. To test this hypothesis, we inoculated Tg3581 mice expressing wt BVPrP(I109) with brain homogenates from spontaneously ill mice expressing each of the three mutant BVPrP(I109) proteins. Mean incubation periods between ~34 and ~76 days were obtained (Table 2) , which represented a substantial acceleration of disease compared to PBS-inoculated and uninoculated mice (Fig. 6a) . The brains of all the inoculated Tg3581 mice exhibited the ~8-kDa highly PK-resistant PrP fragment, which was absent in brains isolated from age-matched uninoculated control animals (Fig. 6b) . Inoculation with brain homogenate from a spontaneously ill D178N mouse produced PrP Sc deposits similar to those observed in spontaneously ill and inoculated Tg(BVPrP,I109,D178N) mice (Fig. 6c) . In contrast, small synaptic-like PrP Sc deposits that resembled those present in inoculated Tg(BVPrP,I109,E200K) mice were found in the brains of Tg3581 mice inoculated with homogenate from a spontaneously ill E200K mouse (Fig. 6d) . These synaptic-like deposits were also similar to those found in Tg3581 mice inoculated with homogenate No PKresistant PrP was observed in young asymptomatic Tg mice, whereas an ~8-kDa PK-resistant PrP species was present in spontaneously ill Tg mice at the specified ages. PrP was detected with the antibody HuM-P, and molecular weight markers are indicated in kDa from spontaneously ill Tg mice expressing wt BVPrP(I109) [64] . Plaque-like PrP Sc deposits with dense cores were not observed in the brains of ΔGPI-inoculated Tg3581 mice. Instead, small plaque-like clusters of PrP Sc aggregates were observed in the hippocampus (Fig. 6e) , which could be clearly distinguished from those present in Tg3581 mice inoculated with D178N or E200K samples. Despite the distinct morphologies of PrP Sc aggregates, the distribution of cerebral PrP Sc deposition was not substantially different between mice inoculated with D178N, E200K, or ΔGPI samples (Fig. S2a) . Vacuolation and astrocytic gliosis were most intense in D178N-and E200K-inoculated Tg3581 mice (Fig. 6f, g, i, j) and were also present to a lesser degree in ΔGPI-inoculated animals (Fig. 6h, k) (Fig. S2b) . The distribution of vacuolation in the brains of Tg3581 mice inoculated with D178N or E200K samples was essentially the same (Fig. S2b) .
To further address the question of unique strains, we inoculated Tg(MoPrP)4053 mice that overexpress wt MoPrP [8] but do not develop a late-onset neurodegenerative disorder [12] with brain homogenates from spontaneously ill mice expressing D178N-or E200K-mutant BVPrP(I109). Near-complete disease transmission was observed in the inoculated Tg(MoPrP)4053 mice, with mean incubation periods ranging from 304 to 421 days ( Table 2 ). The brains of mice inoculated with brain homogenate from spontaneously ill mutant Tg(BVPrP,I109) mice exhibited variable levels of an ~8-kDa highly PKresistant PrP fragment (Fig. 7a) . This fragment was absent in asymptomatic Tg(MoPrP)4053 mice euthanized at ~660 days post-inoculation (dpi) with PBS. While D178N-and E200K-inoculated Tg(MoPrP)4053 mice both exhibited vacuolation in the hippocampus (Fig. 7d,  g ), the morphologies of PrP Sc deposition were unique for each mutation. PrP Sc deposits were much larger in the D178N-inoculated Tg(MoPrP)4053 mice (Fig. 7b, c ) compared with the E200K-inoculated animals, which exhibited 4 Neuropathological characterization of spontaneously ill Tg mice expressing wild-type or mutant BVPrP(I109). Brain sections from spontaneously ill mice were stained immunohistochemically for PrP Sc deposition using the HuM-P antibody (a-g, i, j), Thioflavin S (h), hematoxylin and eosin (H&E) staining to assess vacuolation (k-n), or with an anti-GFAP antibody to visualize astrocytic gliosis (o-r). PrP Sc deposition was observed in the stratum oriens layer of the hippocampus (a) and the frontal cortex (b) of Tg(BVPrP,I109,D178N) mice; the brainstem (c) and nucleus accumbens (d) of Tg(BVPrP,I109,E200K) mice; the frontal cortex (e), hippocampus (f), and cerebellum (g) of a Tg(BVPrP,I109,ΔGPI) mouse; and the thalamus of a Tg (BVPrP,I109) mouse (i, j) . g granule cell layer of the cerebellum, m molecular layer of the cerebellum. h A Thioflavin S-positive dense-core plaque in the frontal cortex of a spontaneously ill Tg(BVPrP,I109,ΔGPI) mouse is shown. Vacuolation and astrocytic gliosis in the caudate nucleus (striatum) (k, o) and thalamus (l, p) of spontaneously ill Tg(BVPrP,I109,D178N) mice; the frontal cortex (m, q) of a spontaneously ill Tg(BVPrP,I109,E200K) mouse; and the hippocampus (n, r) of a spontaneously ill Tg(BVPrP,I109,ΔGPI) mouse. Sections are from a 187-day-old Tg15972 (D178N) mouse (a, k, o) ; a 183-day-old Tg15965 (D178N) mouse (b); a 420-day-old Tg14210 (E200K) mouse (c); a 194-dayold Tg4253 (E200K) mouse (d); 408-day-old Tg24600 (ΔGPI) mice (e-h, n, r); a 250-day-old Tg3581 mouse (i, j); a 177-day-old Tg15464 (D178N) mouse (l, p); or a 402-day-old Tg14210 (E200K) mouse (m, q). Scale bars represent 20 μm (a-j) or 40 μm (k-r). Semiquantitative PrP Sc deposition (s) and vacuolation (t) scoring (data are represented as mean ± SEM) within the indicated brain regions from spontaneously ill Tg15965 (D178N) (blue, n = 5), Tg4253 (E200K) (red, n = 3), Tg24600 (ΔGPI) (green, n = 4), or Tg3581 (black, n = 5) mice. Fc frontal cortex, Cd caudate nucleus, Na nucleus accumbens, Pc parietal cortex, Hp hippocampus, Th thalamus, Hy hypothalamus, Mb midbrain, Cb cerebellum, Bs brainstem ◂ smaller, clustered deposits (Fig. 7e, f) that were similar to those present in Tg(MoPrP)4053 mice that developed disease ~300 days post-inoculation with homogenate from spontaneously ill Tg mice expressing wt BVPrP(I109) [64] . The distribution of PrP Sc aggregates in the brain and the pattern of cerebral vacuolation were essentially identical for D178N-and E200K-inoculated Tg(MoPrP)4053 mice (Fig. S3) .
Discussion
One of the most remarkable features of the prion disorders is that these illnesses are both infectious and genetic. In some instances, mutant prion proteins causing inherited prion diseases produce clinical illness when studied in Tg mouse models, whereas the corresponding wt proteins do not [10, 14, 22, 38] . That said, developing authentic mouse models of inherited PrP prion disorders has been disappointing: low levels of PrP Sc and prion infectivity as well as prolonged incubation times and minimal neuropathological changes have typically been observed. The remarkable promiscuity of BVPrP(I109) prompted us to examine several aspects of inherited human PrP prion disease that were previously resistant to investigation in Tg mice. We constructed unique transgenes encoding mutant BVPrP(I109) containing the D178N, E200K, or ΔGPI human PrP point mutations. Tg mice expressing the mutant BVPrPs recapitulated many of the hallmarks of inherited human prion disorders, including spontaneous neurodegeneration and prion infectivity.
A comparison of other Tg or knock-in mouse models expressing D178N-, E200K-, or ΔGPI-mutant BVPrP(I109) reveals that utilizing the BVPrP backbone enhanced the development of spontaneous disease (Table  S1 ). For example, Tg(FFI-26) mice, which express D178N-mutant MoPrP at 2× [6] , require ~200 days to develop spontaneous disease, whereas a similar incubation period was achieved with 0.4-0.5× expression of D178N-mutant BVPrP(I109). Although the D178N-mutant BVPrP(I109) mice developed a transmissible illness characterized by the presence of a PK-resistant PrP fragment, no disease transmissibility or highly PK-resistant PrP was observed in the brains of Tg(FFI-26) mice. While Tg(MHu2M,E199K) mice, which express a chimeric mouse/human PrP containing the E200K mutation at 2× [15] , develop spontaneous disease with incubation periods comparable to the E200K-mutant BVPrP(I109) mice, the presence of disease transmissibility and highly PK-resistant PrP is less clear in this line. Perhaps the strongest evidence for the BVPrP backbone facilitating the generation of spontaneous disease occurs with the ΔGPI mutation. Approximately 50 % of Tg8015 mice, which express GPI-anchorless MoPrP at 1.7×, develop spontaneous signs of neurological illness with a mean incubation period of ~600 days [52] , whereas 100 % of Tg24600 mice, which express ΔGPI-mutant BVPrP(I109) at three times lower levels, develop spontaneous disease ~200 days more rapidly. Thus, we infer that BVPrP(I109) is a superior substrate for studying mutationinduced effects on PrP misfolding and prion formation in Tg mice.
Compared with Tg mice expressing wt BVPrP(I109) [64] , mice expressing mutant BVPrP required much lower PrP levels to elicit similar incubation periods, arguing strongly that these mutations promote the formation of prions. A "two-hit" model may explain these observations. We hypothesize that the first "hit" is the presence of isoleucine at polymorphic codon 109 of BVPrP. Tg mice expressing BVPrP(I109) developed spontaneous disease, whereas mice expressing BVPrP(M109) remained healthy for more than 500 days [64] , suggesting that I109 promotes the spontaneous misfolding of BVPrP. The expression of a disease-causing mutation may constitute a second "hit" that further accelerates the misfolding of the protein and modifies the phenotypic expression of disease. The turnover rates for D178N-and E200K-mutant BVPrP(I109) were accelerated compared to wt BVPrP(I109), suggesting that the mutations destabilize the structure of PrP. This destabilization may augment the likelihood of PrP misfolding and spontaneous prion formation.
All the spontaneously ill wt and mutant BVPrP(I109) Tg mice exhibited an ~8-kDa highly PK-resistant PrP fragment in their brains. This is a major discrepancy from the brains ▸ of FFI and CJD(E200K) patients, which exhibit the higher molecular weight, PK-resistant PrP Sc species PrP 27-30 [57] . Whether this ~8-kDa PrP fragment is the pathogenic and/or transmissible PrP species in the Tg mice remains to be determined. Similarly sized PK-resistant PrP fragments have been observed in the brains of some GSS patients [41, 54, 55] , bank voles inoculated with GSS prions [42] , patients with variably protease-sensitive prionopathy (VPSPr) [68] , or in sheep with Nor98 atypical scrapie [27] , providing evidence that this fragment is relevant to disease.
Spontaneously generated PrP 27-30 has not been observed in the brains of any Tg mice expressing wt or mutant PrP [10, 15, 22, 38, 51, 58, 64] , the reason for which is unclear.
Transmission of spontaneously generated mutant BVPrP(I109) prions to Tg mice expressing wt BVPrP(I109) or MoPrP provided some evidence that each sequence specifies the formation of a distinct strain of prions. The morphologies of cerebral PrP Sc deposition were unique to each mutation, arguing for conformationally distinct PrP prions. However, the overall distribution of PrP Sc deposition and the pattern of cerebral vacuolation were highly similar between mice inoculated with the various mutant BVPrP(I109) samples. Moreover, the PK-resistant PrP fragments observed in Tg mice expressing wt or mutant BVPrP(I109) or upon disease transmission were similar, if not indistinguishable, suggesting that the PrP Sc aggregates are structurally analogous and exhibit similar neurotoxic properties. It may be possible to biochemically differentiate the various ~8-kDa PK-resistant PrP species using other prion strain-specific assays, such as the conformational stability assay [29] , or by mass spectrometry. In humans, fCJD(E200K) and FFI prions exhibit distinct sizes of protease-resistant cores in immunoblots upon digestion with PK. Following removal of N-linked sugars, PKresistant PrP species from fCJD(E200K) patients migrate to ~21 kDa, whereas FFI prions migrate to ~19 kDa [57] . Our inability to decipher a difference in the molecular weight of the PK-resistant PrP fragments between Tg mice expressing D178N-or E200K-mutant BVPrP(I109) implies that the structural consequences of these mutations in our 
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Sc deposition in the frontal cortex (c) as well as spongiform degeneration (f) and astrocytic gliosis (i) in the hippocampus of a clinically ill Tg3581 mouse at 47 dpi with brain extract from a spontaneously ill Tg15972 (D178N) mouse. Synaptic-like PrP Sc deposition (d), spongiform degeneration (g), and astrocytic gliosis (j) in the hippocampus of a clinically ill Tg3581 mouse at 33 dpi with brain extract from a spontaneously ill Tg7253 (E200K) mouse. Compact granular PrP Sc deposition (e), mild spongiform degeneration (h), and mild astrocytic gliosis (k) in the hippocampus of a clinically ill Tg3581 mouse at 41 dpi with brain extract from a spontaneously ill Tg24600 (ΔGPI) mouse. Sections were stained with H&E (f-h) or with antibodies to PrP (HuM-P; c-e) or GFAP (i-k). Scale bars represent 20 μm (c-e) or 40 μm (f-k) Tg mice are distinct from those that occur in fCJD(E200K) and FFI patients.
Because the ~8-kDa PK-resistant PrP fragment is predicted to be C-terminally truncated, it is likely to exclude the mutant D178N or E200K residues. Thus, the ~8-kDa fragment may represent a core prion structure that is prone to form spontaneously when residue I109 of BVPrP is present, potentially in conjunction with other BVPrP-specific residues. It should be noted that BVPrP(I109) is also capable of adopting other PK-resistant conformations, such as PrP 27-30 [13, 62] . In this scenario, the D178N, E200K, and ΔGPI mutations are likely to slightly modify the conformation of BVPrP(I109), resulting in distinct morphologies of PrP Sc deposits that are self-propagating. Alternatively, each mutation may selectively stabilize a specific PrP Sc aggregate conformation that arises stochastically due to expression of BVPrP(I109). Indeed, both FFI and fCJD(E200K) have sporadic equivalents that exhibit nearly identical clinical, pathological, and biochemical features but without the presence of a mutation in PrP [16, 32] . In support of this notion, the PrP Sc deposits in Tg mice expressing wt BVPrP(I109) were more heterogeneous than those present in the Tg mice expressing mutant BVPrP(I109), where each mutation defined a specific pathology. Moreover, PrP
Sc deposits similar to those found in the D178N-and ΔGPI-mutant mice have been observed in Tg(BVPrP, I109) mice [64] . However, the small, rounded PrP Sc deposits found in the brains of E200K-mutant mice were unique to these animals, suggesting that this mutation specifies a distinct aggregate conformation that does not readily form with wt BVPrP(I109).
Further studies are required to determine whether Tg mice expressing mutant BVPrP(I109) recapitulate any of the clinicopathological characteristics of the corresponding human prion diseases. For example, it will be interesting to investigate whether the D178N-mutant BVPrP(I109) Tg mice exhibit alterations to sleep-wake cycles, a predominant clinical feature of FFI. Such disturbances have been found in two mouse models expressing FFI-mutant MoPrP despite the absence of FFI-like PK-resistant PrP species in their brains [6, 23] . Of the three mutations investigated, the pathological phenotype elicited by the ΔGPI mutation most closely resembled that of the associated human disease. Like GSS patients with mutations that create GPI-anchorless PrP [25] , the brains of Tg mice expressing ΔGPI-mutant BVPrP(I109) exhibited abundant PrP-containing amyloid plaques and an ~8-kDa PK-resistant PrP fragment. Tg mice expressing GPI-anchorless MoPrP also developed a similar phenotype [52] . Interestingly, CAA was observed in a GSS patient with the Y226X mutation but not in a patient with the Q227X mutation, suggesting that the retention of tyrosine at residue 226 may restrict the formation of PrP deposits within blood vessels [25] . This finding is in accordance with our results: we observed no PrP-CAA in the brains of ill Tg24600 mice, likely because the ΔGPI mutation we employed (R232X) retains the Y226 residue.
The abbreviated incubation periods and the relatively uniform ages of disease onset observed in some of the D178N-and E200K-mutant BVPrP(I109) lines suggest that they may be useful for testing the efficacy of candidate prion disease therapeutics. Small molecules such as cpd-B, 2-aminothiazoles, anle138b, and polythiophenes prolong the life span of mice inoculated with mouse-passaged prion strains [4, 17, 20, 26, 30, 59] . However, ~99 % of human prion disease cases result from the spontaneous formation of prions in the brain and not the introduction of preformed PrP Sc prions. Whether the same compounds are effective at blocking the initial steps of prion generation is unknown. Finally, it has become increasingly clear that the principles of PrP biology are also applicable to many other proteins including Aβ, tau, and α-synuclein, all three of which can acquire many of the features of PrP prions, including transmissibility and the existence of strains [31, 35, 45, 48, 53, 60, 61] . Thus, Tg mice expressing mutant BVPrP(I109) may be suitable for deciphering the molecular mechanisms governing prion formation, which may have widespread implications across multiple human neurodegenerative disorders.
